Synthesis of magnetically separable rGO/Fe 3 O 4 nanocomposite materials for environmental remediation via photocatalytic degradation of methylene blue. 
Introduction
The requirement of fresh water is most essential for all living organisms including human beings and such availability is a foremost problem throughout the world at present. In the future, this issue will further upturn, owing to the rapid industrialization and population growth. Particularly, the rapid growth of textile and dying industries has imposed critical environmental problems, as some of the dye effluents from these industries can pollute the ground water resources and the utilisation of the same creates many toxic and harmful effects on human beings. In this respect, different types of photocatalytic materials viz. free standing photocatalysts, doped photocatalysts, dual semiconductors and noble metal deposited photocatalysts have been developed for the treatment and purification of dyecontaminated waste water. Among them, very few have been reported on the basis of physical separation technique by which the photocatalysts can be seperated easilyfrom the reaction medium. The major disadvantage of colloidal photocatalytic system is the complicated separation of catalyst from the reaction medium. To overcome this issue, magnetic separation of photocatalyst has been proposed as a promising solution. The magnetically separable photocatalytic systemes have moreadvantageous over colloidal photocatalytic systems as they do not require filtration or centrifugation for the removal of catalyst from the reaction medium. Hence, the physical separation of a photocatalyst can easily be achieved by using the magnetically separable photocatalysts.
Graphene, a single layer of sp 2 -bonded carbon atoms arranged in a twodimensional (2D) honeycomb structure, possesses high surface area and excellent thermal, mechanical and electrical properties that make it as a good supporting material for inorganic nanoparticles towards various energy and environmental applications. 1, 2 The combination of graphene with the inorganic nanoparticles liberates new functional hybrid materials, which possesses complementary behaviour between each constituent and thus opens up new opportunities for the enhancement of wider applications. 3, 4 These graphene-based nanocomposites materials not only show significant improvement in electrochemical activity and also lead to the high photocatalytic activity of composites, because the unique surface properties of graphene enable it to accept electrons to impede the recombination of photoinduced electrons and holes, and provides the absorption of dye through π-π conjugation between dyes and aromatic regions of graphene towards environmental remediation applications. [5] [6] [7] Although these graphene-based nanocomposites (e.g. rGO-TiO 2 , rGOZnO, etc.) display excellent performance in the photocatalytic systems, the problems associated with the recovery, reuse and separation of catalysis from the reaction medium still exist after the photodegradation process, because the good dispersive property of these materials caused them to be inconvenient to recycle. Hence, introduction of magnetic nanophotocatalyst materials into the graphene sheets can provide a convenient magnetic separation in order to remove and recycle the magnetic nanocomposite catalysts under an external magnetic field. 8, 9 Recently, magnetite (Fe 3 O 4 ) nanoparticles have attracted much attention because of their low-cost, ecofriendly, simple preparation and show desirable properties of strong superparamagnetic, electrical conductivity, as well as optical and chemical properties. 10, 11 Hence, they find potential applications in the areas of biosensors, 12 nanoparticles in the absence of GO. Meanwhile the rGO was prepared by using the same procedure without adding FeSO 4 solution. The weight ratios between the GO and FeSO 4 are given in Table 1 . 
Experimental Methods
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Characterization techniques
The size, shape and morphology of rGO/Fe 3 O 4 nanocomposites were analyzed through high resolution transmission electron microscope (HR-TEM). Raman and photoluminescence spectral data were collected using a Renishaw 2000 inVia Raman microscope system with an argon ion laser emitting at 514.5 nm. Siemens-D5000 xray diffractiometer with copper Kα radiation (λ = 1.5418 Å) at a scan rate of 0.02 degree/sec was used for XRD analysis. Thermo Scientific Evolution-300 UV-vis absorption spectrophotometer was employed for absorption studies in the spectral range of 190-900 nm. The magnetization measurements were carried out at room temperature using a Lakeshore-736 vibrating sample magnetometer (VSM) with a maximum magnetic field of 10 kOe.
Photocatalytic studies
The The photodegradation rate and MB dye removal efficiency under natural sunlight irradiation, in the presence of different photocatalysts were calculated by the following equations.
Photodegradation rate =
where, C 0 represents the initial concentration of MB and C t is the concentration of MB at a reaction time 't'.
Results and discussion
Morphological characterization of rGO/Fe 3 O 4 nanocomposites
The TEM images of showed increase in the particles size of Fe 3 O 4 in the order of G1F2 < G1F5 < G1F10 < G1F20 (Fig. 1(b-f) 1(f) ), while the G1F2 exhibited a good distribution of Fe 3 O 4 nanoparticles on the surface of rGO sheets ( Fig. 1(c) ). A sharp peak observed in G1 (Fig. 3(a) ) at 2θ = 10.8° is assigned to the (0 0 1) reflection of GO, which indicates that GO was incompletely reduced to rGO. nanoparticles. 
XRD studies of Fe 3 O 4 /rGO nanocomposites
Raman spectral studies of Fe 3 O 4 /rGO nanocomposites
Raman spectroscopy is an excellent tool to investigate the ordered and (Fig. 4(cg) ). It is known from the earlier report that the observed broad peak at ~670 cm −-1 is due to the presence of magnetite nanoparticles in the rGO/Fe 3 O 4 nanocomposites.
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Fig. 4 Raman spectra for the GO (a), G1 (b), G1F2 (c), G1F5 (d), G1F10 (e), G1F20
(f) and F20 (g). 
Magnetic behaviour of Fe 3 O 4 /rGO nanocomposites
Fig. 5 VSM magnetization curves of G1F2 (a), G1F5 (b), G1F10 (c), G1F20 (d) and
F20 (e).
Photoluminescence studies of rGO/Fe 3 O 4 nanocomposites
Photoluminescence (PL) technique is used to study the electronic and optical properties inlcuding the migration, transfer and recombiantion of electron-hole pair of photoinduced semiconductor. Fig. 6 G1F5 (c), G1F10 (d), G1F20 (e) and F20 (f).
Photocatalytic activity of magnetically separable rGO/Fe 3 O 4 nanocomposites towards the degradation of methylene blue
The photocatalytic performance of the prepared photocatalytic materials viz. showed only 57 % of photodegradation even up to 5 h of sunlight irradiation (Fig. 7a) .
The poor photocatalytic performance of the bare Fe 3 O 4 nanoparticles can be ascribed to the aggregation caused by the high surface area Fe 3 O 4 nanoparticles and magnetic interactions between these particles lead to the formation of larger size particles. photocatalyst moves towards external magnetic field and attracted to the side of the bottle, leaving behind a clear reaction solution (Fig. 7(d) ). Therefore, the rGO/Fe 3 O 4 can be easily repeated and recycled after photocatalytic process. The MB dye molecules could be effectively photodecomposed in each experimental cycle and no significant change in the photocatalytic activity of the G1F2 nanocomposite was observed during the repeated photocatalytic experimental cycles (Fig. 7c) .
Among the different photocatalysts, the G1F2 nanocomposite exhibited most good stability during photocatalytic degradation of MB dye and hence they can be applied as a recyclable photocatalyst. 42 and thereby efficiently inhibited the recombination of photo-induced electron-hole pairs during electron-transfer process.
Thus, the higher photocatalytic activity and sustainability of this magnetically separable rGO/Fe 3 O 4 nanocomposite is more beneficial for industrial waste water treatment process. (4)).
On the other hand, the photoinduced holes are crucial for oxidation process and it effectively oxidizes the adsorbents, usually it can react with adsorbed 
Conclusion
We reported the preparation of photocatalysts based on magnetically separable and recyclable photocatalyst for many environmental remediation applications.
